Abstract: We demonstrate the design and fabrication of a mode (de)multiplexer based on the tapered mode-selective coupler. The proposed device is directly inscribed in the substrate material by a needle-type liquid micro-dispenser and a three-axis robot stage using commercially available UV-curable resins. The fabricated mode (de)multiplexer has an excess loss less than 0.3 dB, a coupling ratio higher than 0.93, and an extinction ratio higher than 23 dB within a broadband of 100 nm around 1550 nm. The near field patterns of LP 11 mode at different wavelengths were successfully observed using an infrared chargecoupled-device camera. The fabrication tolerance on the spacing, core diameter deviation, and core circularity were investigated and the results imply that our fabrication process can satisfy the requirements on it. The proposed method is capable of fabricating functional devices for high-speed on-board optical interconnects.
Introduction
The operation speed of data centers and high performance computers is increasing dramatically, which gives an escalating burden on the bandwidth of intra-system interconnects [1] . Compared with the electrical interconnects using copper wires, optical interconnects have advantages in bandwidth, integration density, cost, power consumption and electromagnetic compatibility [2] . Mode division multiplexing (MDM) that uses each mode of the few-mode waveguide as an individual data channel has drawn significant attentions due to its ability to increase the transmission capacity [3] , [4] . One of the main concerns of the MDM is the design and fabrication of mode (de)multiplexers which enable the selective excitation and detection of the individual modes. Several solutions have been demonstrated such as multi-plane light conversion (MPLC) [5] , free-space optics [6] , photonics lanterns [7] , [8] , asymmetric Y-junctions [9] , long-period gratings [10] , [11] , multimode interference (MMI) couplers [12] , asymmetric directional couplers (ADCs) [13] - [15] , and tapered mode-selective couplers [16] . Among them, the ADC is a promising candidate due to their good scalability and flexibility to be able to selectively excite the higher-order modes. However, the ADC for mode (de)multiplexing is based on precise phase-matching conditions, which results in a limited operation wavelength and a small tolerance for fabrication process.
In comparison with the ADC, the tapered mode-selective coupler introduces an adiabatic taper structure to the core and it employs gradual adiabatic modal evolution rather than precise phasematching conditions [17] . As a result, it has advantages of both wider working wavelength and larger fabrication tolerance.
On-board mode (de)multiplexers based on tapered mode-selective couplers have been fabricated by the lithography method and femtosecond laser direct writing technique using silicon or polymer waveguides [18] - [20] . Another technique, which is called as the Mosquito method has been developed [21] - [23] . It combines the use of a needle-type liquid micro-dispenser and a 3-axis robot stage. Compared with the lithography method, the Mosquito method is photomask-free and can inscribe three dimensional (3D) polymer waveguides with circular cores using a simple procedure [24] , [25] . Compared with the femtosecond laser direct writing technique, the Mosquito method has advantages such as low cost, high fabrication speed, tunable refractive index profile and large applicable size [26] , [27] . Using the Mosquito method, tapered waveguides can be fabricated easily by programming the needle-scan velocity. On the other hand, the process of inscribing neighboring cores may cause unwanted turbulence on the core shape and core position of the waveguide owing to the liquid state of the monomers. We have fabricated single-mode polymer waveguides and 3D directional coupler cover C-band by using the Mosquito method [26] , [27] . The mode (de)multiplexer with a coupling ratio (CR) of less than 83% from 1500 to 1560 nm has also been fabricated [28] .
In this paper, we improved the performance of the broadband mode (de)multiplexer based on tapered mode-selective coupler. The fabrication tolerance on the core circularity, core diameter and spacing is investigated. Characteristics of the fabricated mode (de)multiplexer such as the insertion loss (IL), excess loss (EL), coupling ratio (CR) and extinction ratio (ER) over a wide wavelength band covering 1500 to 1600 nm were evaluated. Conversion from LP 01 to LP 11 mode in a wide wavelength range were successfully obtained.
Design of the Mode (De)Multiplexer
Figure 1(a) shows a side view illustration of the proposed mode (de)multiplexer for realizing mode conversion between the fundamental mode (LP 01 ) and first-order mode (LP 11 ). The mode (de)multiplexer composed by a single-mode (SM) and a few-mode (FM) waveguide with inversely tapered structures and one waveguide is located just beneath the other. The spatial waveguide separation at the input and output ports are designed to be 50 µm and the S-bends with a maximum radius R of 20.0 mm are applied to minimize the bending loss. The tapered structure in the coupling region was optimized to guarantee that the mode effective index of the fundamental mode (LP 01 ) in the SM waveguide matches that of the LP 11 mode somewhere along the taper as shown in Fig. 1(b) . The relative index difference between the core and cladding is 0.26%, which is the same as that be used in the experiment. After the phase matching position, the conversion efficiency will be maintained and which will result in a fabrication tolerance relaxation in the interaction length. Here, we assumed that the change of the core diameter was uniform along the taper. A finite element method was used for the mode effective-index (n e f f ) calculation. According to the calculation, the width of the SM waveguide is chosen to be tapered from D 0a (12 µm) to D 0b (9 µm) and the FM waveguide is inversely tapered from D 1a (17 µm) to D 1b (22 µm) . The designed center-to-center spacing P of parallel waveguides is 18 µm.
Figure 2(a) shows the CR as a function of the taper length L at the wavelength of 1550 nm calculated by a beam propagation method when light was launched into the SM waveguide. It can be observed that the CR increases with the taper length. In our design, the taper length L is chosen as 20.0 mm to achieve the CR of larger than 0.95. The inset shows the simulated intensity profile of the light along the propagation direction. Fig. 2(b) shows the calculated EL and ER as a function of wavelength with a taper length of 20.0 mm. It can be observed that the calculated EL is less than 0.04 dB and the ER is higher than 30 dB from 1500 to 1600 nm, respectively. Then, the fabrication tolerance of the mode (de)multiplexer with a CR higher than 0.90 was carefully studied using the beam propagation method. The fabrication tolerance depends on both the core diameter and spacing. In the fabrication of the mode multiplexer using the Mosquito method, the four core diameters of D 0a , D 0b , D 1a , and D 1b , as shown in Fig. 1(a) , change randomly due to the liquid-state of the monomers. Slopes of the effective indexes decrease with the increase of core diameters. This implies that the fabrication tolerance of D 0b and D 1a is tighter than that of D 0a and D 1b . Moreover, due to the high viscosity of the core and cladding monomers, the core shape is not a perfect circle. The circularity of the core, which is evaluated using the ellipticity, generally defined as the ratio of the core width to core height, may also have the impact on the coupling ratio to LP 11 mode in the FM waveguide. As a result, the fabrication tolerance on the spacing, core diameter of D 0b and D 1a , as well as the waveguide circularity is calculated as shown in Figs. 3(a), 3(b) , and 3(c), respectively. We can see that the CR of higher than 0.90 can be obtained when the spacing P of the two waveguides is less than 18.8 µm. The fabrication tolerance on both D 0b and D 1a are larger than 2 µm while keeping a CR higher than 0.90 as shown in Fig. 3(b) . The designed values Fig. 3(b) , respectively. Although the fabricated result shows a deviation from the designed value, the fabricated device filled well within the tolerant area with a CR higher than 0.90. Moreover, the tolerance on the circularity of the cores is relax enough for the fabricated device to achieve a CR higher than 0.90 as shown in Fig. 3(c) .
Experimental Results and Analysis
We adopted the Mosquito method and used commercially available UV-curable resins of OrmoCore and OrmoClad for fabrication. The core monomer was obtained by mixing the two original materials according to their mass ratio to achieve a relative index difference of 0.26% [27] .
The fabrication process are shown in Fig. 4 (a) [26] . Firstly, the cladding monomer is coated on a glass substrate. The cladding height can be adjusted by using the silicone film with different thickness. Then the core is fabricated by releasing the pressure while scanning the needle, which is followed by a UV-curing process. Using the Mosquito method, tapered waveguides can be easily fabricated by programming the needle-scan velocity. In order to obtain the SM and FM waveguides with the core diameters designed above, the tapered FM waveguide was fabricated by decelerating the needle-scan velocity from 20 to 12 mm/s and the SM waveguide was fabricated by accelerating the needle-scan velocity from 50 to 90 mm/s while keeping the dispensing pressure as a constant. Micrographs of the fabricated mode (de)multiplexer in both input and output ports, as well as in the middle of the tapered structure are shown in Fig. 4(b) . The designed and fabricated core diameters Table 1 The Designed and Fabricated Results in Core Diameters are shown in Table 1 . Due to the ellipse in the core shape, the fabricated core diameters are calculated by averaging the core width and core height.
We investigated the optical characteristics of the fabricated mode (de)multiplexer including the IL, EL, CR and ER. Light from a broadband tunable laser was launched into the SM waveguide via a standard single-mode fiber and detected from the output port of both SM and FM waveguide using a multimode fiber with the core diameter of 50 µm. The EL is defined as the increased IL of the fabricated mode multiplexer compared with that of the adjacent single-mode waveguide at the same length fabricated for reference purpose. CR was defined as the ratio of the power from the FM waveguide to the total detected power as following:
Here, we define P 1 and P 2 as the output power of the SM and FM waveguide, respectively. The measured IL and EL are shown in Fig. 5 . The IL varies with the wavelength owing to the absorption of the material, while the EL remains at a same level. The EL of less than 0.3 dB within a wide wavelength range covering 1500 to 1600 nm. The fabricated mode multiplexer shows the lowest IL of 2.7 dB at 1550 nm and the highest IL of 4.7 dB at 1600 nm. The total length of the fabricated mode (de)multiplexer is about 30.0 mm and the propagation loss of the single-mode waveguide is about 0.8 dB/cm at 1550 nm [26] . Figure 6 shows the measured CR of the fabricated mode (de)multiplexer. The insets are the near field patterns (NFPs) of the FM waveguide at different wavelengths. The fabricated mode multiplexer exhibits a CR of higher than 0.93 over a wavelength range as broad as 100 nm around 1550 nm. The measured CRs are slightly smaller than that of the calculated ones as shown in Fig. 6 . This might be caused by the deviation of fabricated results from the designed values. The polarization dependence of CR and IL are investigated by rotating the polarization direction of the incident beam for 90 degrees and no obvious changes on both CR and IL were observed.
From the NFPs of the FM waveguide, profiles of LP 11 mode are observed at different wavelengths. However, the rotation of the principal axes is also observed which is dependent on wavelength as shown in the insets of Fig. 6 . The rotation is caused by the center deviation between the SM and FM waveguide along the taper. Owing to the effect of fluid dynamics, the SM waveguide is not located exactly on the top of the FM waveguide and there is a small deviation of their relative position along the taper. As a result, light couples to both LP 11a mode (with a vertical principal axis) and LP 11b mode (with a horizontal principal axis). Depending on the power ratio of them at different wavelengths, the observed LP 11 mode rotates with different angles. Moreover, doughnut-like mode is observed at the longer wavelength. This is caused by the elliptical core shape of the fabricated waveguide that result in the phase difference between the LP 11a and LP 11b mode. In addition, power imbalance in the two lobes of the LP 11 mode was observed, especially at the longer wavelength. This is due to the presence of the LP 01 mode in the FM waveguide. A larger proportion of the LP 01 mode results in a more serious imbalance of the two lobes.
Mode extinction ratio (defined as the power ratio of LP 11 mode to LP 01 mode) and its wavelength dependence was calculated based on the NFPs shown in Fig. 6 using a mode analysis method called averaged interference components (AIC) method [29] . The ERs of higher than 23 dB are achieved as shown in Fig. 7 . The degradations of the evaluated mode ERs from the calculated ones are mainly caused by the deviation of key parameters from designed values, such as core diameters as shown in Table 1 .
In order to explain the rotation and power imbalance of NFPs shown in the insets of Fig. 6 , we calculated the intensity profiles under different conditions by solving the Maxwell equation and superposing the mode field of the LP 01 , LP 11a , and LP 11b linearly. Fig. 8(a) shows that the principal axes rotate with the power ratio where only the LP 11a and LP 11b modes exist. By assuming that the existence of LP 01 mode with the identical power ratios to LP 11a and LP 11b modes, the power imbalance increases with the power ratio to LP 01 mode as illustrated in Fig. 8(b) . Moreover, as shown in Fig. 8(c) , the doughnut-like mode is observed when there is a phase shift between the LP 11a and LP 11b modes while only LP 11a and LP 11b modes with the same power proportion exist. Although the fabrication tolerance of the tapered mode-selective coupler is large enough for the Mosquito method as we have calculated, in order to obtain the LP 11 mode without rotation of the principal axes, the precision of the core position, especially the relative center position of the SM and FM waveguide needs further improvement. Moreover, the optimization on the circularity of the core is necessary to reduce the birefringence. Improvements can be made on the fabrication process, such as adopting needle with a smaller outer diameter, compensating the waveguide positions according to the hydrodynamic analysis and using monomer pairs with large viscosity difference.
Conclusions
We designed and fabricated the mode (de)multiplexer based on the tapered mode-selective coupler. The fabricated device consists of a tapered SM waveguide and a tapered FM waveguide which is fabricated using a needle-type liquid micro-dispenser and a 3-axis robot stage. The taper length was designed to be 20.0 mm to obtain a coupling ratio larger than 0.95. Moreover, the fabrication tolerance on the spacing, core diameter and circularity was investigated. The experimental results imply that the tolerance on the fabrication process of the designed mode (de)multiplexer is large enough for the Mosquito method to achieve a coupling ratio larger than 0.90. The experimental results have shown that the present mode (de)multiplexer has a low excess loss (<0.3 dB), a high coupling ratio (>0.93) and a high extinction ratio (>23 dB) within a broad band of 100 nm around 1550 nm. The results implies that the proposed method is capable of fabricating functional devices for high-speed on-board optical interconnects.
